ABSTRACT Evolution of insecticide resistance, measured by the though the rate at which this occurred varied. The slowfrequency of a resistant allele and by population size, was est response to selection occurred when (I) the populasimulated on a computer.
More than 364 species of arthropods have developed resistance to insecticides over the past 30 years (Georghiou and Taylor I977a) . The main weapon for countering this resistance has been use of alternative chemicals with structures that are unaffected by cross resistance.
However, the gradual depletion of substitute chemicals, as resistance to these also developed, has revealed the limitations of this practice and has emphasized the need for maximizing the "useful life" of new chemicals through their application under conditions that delay or prevent the development of resistance. To achieve this goal, it is essential to understand the parameters influencing the selection process. One classification of the many factors involved, which we proposed earlier (Georghiou and Taylor] 977a) , is as follows:
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Most factors in the 1st 2 categories cannot be controlled, and the importance of some may not be determined until resistance has evolved. For example, only through hindsight can one determine the initial frequency of alleles conferring resistance.
One cannot know the degree of dominance until one identifies such alleles and makes appropriate genetic crosses.
Nevertheless, some factors that influence the evolution of resistance are under man's control. The problem is to identify them and to clarify how their manipulation retards the evolution of resistance. Here we examine and quantify the discrete influence of certain genetic and biological factors in the evolution of resistance.
MATERIALSAND METHODS.-The evolution of resistance in terms of changes in frequency of alleles that confer resistance, and population size, was simulated on an IBM 360 computer with programs written in APL.
A Re£ugia are areas where members of the population are unaffected by the treatment, regardless of their genotype. This may occur if a certain proportion, E, is harbored in inaccessible areas such as crevasses, bark, erineum, deep tissues, etc. Immigration, M, refers to the movement of susceptible adults from untreated areas into the controlled population after the insecticide residue has dissipated.
Reproduction was assumed to be density-dependent and to be regulated by the number of reproducing adults. An approximation to the familiar logistic equation that allows for discrete generations, leads to unstable oscillations of population with the high intrinsic rate of increase, f, that most insect populations exhibit. Consequently, we used a similar equation, but with more realistic stability properties that May (1974) 
At a low population size, the population increases roughly exponentially; but as the size becomes larger, i.e., as N, approaches the carrying capacity, K, growth ceases, and the population adjusts to an equilibrium size of approximately K individuals. Unless otherwise stated, it was assumed that the environment had a carrying capacity of 1000, and that all genotypes had the same reproductive potential, f = In 5." After individuals reached adulthood and produced offspring according to equation (2), the adults were assumed to die and a new generation to begin.
At the beginning of each run, the population was assumed to contain the R allele at a low frequency, p., and the locus to be in Hardy-Weinberg equilibrium. Field populations with no history of exposure to insecticides are usually susceptible, except for certain rare cases referred to as "natural tolerance." This implies that R alleles are usually selected against for some reason, unless the population is exposed to insecticides. The presence of R genes at low frequencies suggests that they exist because of recurrent mutation and are maintained at this low frequency by a balance between mutation and selection. By using what would seem to be realistic values for mutation rates, we estimated from equations describing this balance (see, e.g., Dobzhansky ilN = rN (K-N) /K, (I) 1970) that the equilibrium frequency for R alleles should be somewhere between 0.01 and 0.0001! Accordingly, all simulations were run for both values of po; however, to conserve space, only the results at po = 0.0001 are graphed.
Comparisons are made in terms of "recovery time." The number of generations the population requires to reattain at least 50% of the pretreatment carrying capacity of the environment is RT.o (for Recovery Time). Similarly, GFr;o (for Gene Frequency) is the number of generations the R allele requires to attain a frequency of 0.5 in the surviving population following treatment. Both measures are necessary since neither by itself adequately describes both the size and evolutionary status of the treated population.
RESULTs.-Dominance.-Dominance has an important influence on the eventual fate of the R gene. When an allele is rare, it occurs almost exclusively in the heterozygous state. Therefore, during the early generations, susceptibility of heterozygotes is the main determinant of the rate of evolution.
In (Fig. lA) . In all 3 cases, GF50 was achieved in one generation (Table I) .
Population size, however, depended greatly on dominance of the R allele (Fig. IB) . The degree of dominance of the resistant gene influenced substantially the rate at which the population increased under selection pressure. This rate was slowest when the resistant allele was recessive; the population increased to substantial levels only after Fo and had an RToo of 13. In contrast, when the R allele was dominant, recovery occurred much earlier, beginning with F., and the population had an RT.o of 7. In the case of intermediate resistance, these stages were reached at intermediate times in F. and Fe, respectively. Thus, even though the differences in the time required to achieve high R-allele frequencies were insignificant, a recessive gene required approximately twice as long to attain economic importance as a dominant one. This slow population increase occurred mainly because selection in each generation incapacitated RS as well as SS individuals.
The effects of dominance were less pronounced p. = 0.01 and 7 generations for p. = 0.0001. Population size recovery, therefore, evolves more slowly when the R allele is recessive, and the difference is more dramatic at lower initial gene frequencies.
It should be pointed out here that the presence or absence of refugia (see following discussion) may influence this conclusion.
When there are a limited number of "safe sites" where the insects are not treated with insecticide, then recessiveness of the R allele actually may retard the evolution of resistance.
Initial Gene Frequency.-The initial frequency of the R gene was examined for 6 different values of p., from 0,1-0.000001, but had no influence on the rate of increase of the resistant allele frequency ( Fig.   2A) . In all cases, GF.o = 1. However, the initial gene "-carrying capacity of the environment. The limited influence of re£ugia on the rate of population growth at low values of E can be traced to the fact that this parameter was studied in isolation. ''''hen immigration, the reproductive disadvantage of resistant individuals, and other types of dominance also are considered, refugia prove to be more influential (Georghiou and Taylor 1977b) .
Immigration. -The impact of immigration was studied by varying M from 0-300. Fig. 4 indicates that the rate of immigration had a pronounced influence both in terms of the increase of the R·allele frequency and of the growth of the population. At the higher rate (M = 300), the R allele required 20 generations to attain a frequency of 0.2. Similarly, population density remained low, achieving a size of less than 200 individuals after 20 generations.
Retardation of the evolution of resistance almost certainly resulted from the constant influx of susceptible individuals which helped cancel the evolution that had been achieved by insecticidal selection. It should be pointed out here that this dramatic result may be partially a consequence of the way in which the population was enumerated. Had population been measured after immigration, rather than before, its size would be somewhat larger where more migrants were entering each generation. "-frequency strongly influenced population size (Fig.  2B ). At extremely low frequencies, the number of surviving individuals, and hence the potential of the population to increase, is severely limited. For inter· mediate dominance, the RToo varied from 3 (for po = 0.1) -II (for p, = 0.000001). The results are the same for recessive and dominant alleles, but for tTIe former, the evolution of the resistant population is substantially slower (see preceding discussion). Such drastic selection for extremely low R-gene frequency is greatly influenced by minimal population thresholds below which reproduction is inhibited (the Allee effect). Since such thresholds vary with species, they were not considered in the present phase of this study.
Refugia.-To assess the impact of refugia, E was varied in several increments from 0.001 to 0.5. It is evident from Fig. 3A and Table I that the presence of re£ugia retards the increase in frequency of the R allele. Apparently this occurs because some susceptible individuals escape treatment, which enables the S alleles to remain in the population longer. In the absence of refugia, GFoo was reached in one generation, but when E was 0.1, it required 6 generations. Similarly, the presence of refugia delayed the attainment of a substantial population size, especially at higher E values. Thus, RT.o varied between 8 and 9 generations, as E ranged from 0.001-0.1, but increased to 14 generations when E = 0.4.
When E = 0.5, RToo was reduced to one since the number escaping treatment exceeds 50% of the (Table ] ).
Reproductive Disadvantage.-It has been assumed up to this point that all genotypes had the same intrinsic rate of increase, r. But there is reason to believe that when no insecticides are present, resistant strains are usually at a selective disadvantage to their susceptible counterparts (Abedi and Brown 1960) . The mere fact that most populations of insects are not resistant before selection leads to the plausible inference that, in the absence of any insecticide, the R alleles are disadvantageous.
Laboratory tests on mosquitoes (G. P. Georghiou, unpublished) indicate that this disadvantage may be quite large, some resistant strains having only one-fourth the reproductive potential of susceptible strains in the absence of insecticides.
The effect of this factor was studied by varying the intrinsic rate of increase of the genotypes and thus modifying equation 
